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TABLE  CF  SYMBOLS 


or 


fluid  ( gauge } pro  ssurc 
foroo 
moment 
Mach  number 
velocity 


lbs./ins^ 

lbs. 

lba*  ft. 
ft. /see. 


angle  a deflecting  member  makes  with  the  normal  axis 

angle  the  reaction  cf  a deflected  jet  makes  with  the 
normal  axis 


or 


nozzle  assembly  type 
time 

mass  flew  rate 
tempo raturo 
crcs3  sectional  aroa 
ratio  of  specific  heats 
extension  tube  length 


sees, 
lbs, /sec. 

°K  or  °C 

2 

ft? 


- ins. 


refers  tc  reservoir 

refers  to  nozzle  exit  conditions 

refers  tc  nozzle  throat  conditions 

refers  to  side  thrust 

refers  to  direct  thrust 

refers  to  control  force 

refers  to  nozzle  types  *a*  and  'b' 


R refers  to  resultant 
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Statistical  Symbols 

Small  letters  a,  b,  c etc.  - tests  oa?  results  of  tests  at  the 

different  levels  cf  the  various 
fnotors 

Suffixes*  c,  1,  2 etc.  - lovols  of  the  factors 

Capital  letters,  A,  B,  C etc.  - factors  or  effects  of  factors 

Round  brackets,  ( ) - mean  effects,  or  Operators 

Square  brackets  C ] - total  of  feet  s 

Note  fer  brovity,  (A0B0Ct  ) will  be  denoted  by  (Oj ) etc. 
v = degrees  of  freedom  (d/F) 
d = divisor 

P - variance  ratio 

t = Student's  ratio 

o’  = std.  deviation  cf  population'" 

s = std.  deviation  cf  sample 

Z - sum  cf 
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SUMMARY 


ft 

1.  Air  nt  400  to  1,000  Ihs./insf  has  boon  discharged  through  a model 
nozzle  of  throat  to  produce  a jet  of  Mach  number  approximately 
3.0,  Prevision  has  been  mr.de  to  record  the  direct  reaction, 
latoral  thrust  and  control  moment  associated  with  the  defleoticn 
of  this  supersonio  air  jot. 


2. 


'tubular  extension'  method  of  jet  deflection  (see  fig.5) 


Unn  V I.  on  J m n Ait  A n rvi  «•  A 

ilCIO  OUUil  \>  V W A f 


5*  ocndlticriw  lBCludls$ 
tube  lengths  up  to  approximately  4 x nozfclc  throat  diameter  and 


iw4  /I  rt  winw  /»/■ 
*1  AS4V  A VUi^W 


inclined  up  to  20 
investigated. 


from  the  normal  axis.  Two  typos  have  been 


3,  The  systom  is  found  to  produce  stable  and  reproducible  lateral 
thrusts  by  a mechanism  which  is  explained  and  illustrated  by 
shadowgraphs.  Judged  by  the  magnitude  of  the  foroos,  the  method 
is  superior  to  any  known  method  of  deflection  so  far  reported, 

4.  Lateral  thrusts  of  cs  much  as  50#  of  the  direct  thrust  may  be 

obtained  and  control  moments  of  the  order  of  8 lbs,  ft.  per 
100  lbs.  lateral  thrust  arc  found  to  bo  nooossary.  Most  of  the 
data  arc  summarised  in  figures  20  to  26*  t 

5*  Ignoring  tho  many  ncn-lincnr  relationships  and  considering 
grand  average  values,  tho  information  can  be  summarised  as 
follows : - 


FORCES 

per  degree  deflection 
per  100  lbs.  direct  thrust 


Deflecting 
Tube  length,  S. 

Side  Thrust, 
Fs  lbs. 

(little  difference 
between  types.) 

Centre!  Moment, 
Mo  lbs.  ft. 
(type  b about 
15#  less.) 

3.75x  throat  diaci. 

2.42 

0,16 

2.50x  " " 

2.53 

0.15 

1 #25x  " * 

1.95 

0.08 

The  direct  thrust  is  reduced  by  about  %%  per  degree  deflection. 


6,  The  longer  tube  lengths  incline  tho  resultant  line  cf  thrust  by 
about  5°  mere  than  the  tube  angle, 

7,  The  optimum  tube  length  for-  maximum  side  thrust  is  found  to  lie 
well  within  the  range  studied  and  averages  about  2.7  x the 
throat  diameter. 

8,  Tho  various  forces  measured  vary  almost  linearly  with  air 
resorvoir  pressure. 


9.  Hitherto,  experiments  in  this  field  hove  been  of  an  ad  hoc  nature. 
However,  the  experiments  reported  here  arc  intended  tc  constitute  o 
systematic  survoy  of  a section  of  the  subject  end  were  thu3  planned 
and  the  results  analysed  according  tc  sound  statistical  principles. (Ref ,5) 
The  observations  of  eooh  test  carried  out  are  stated  and  the  full 
analysis  cf  all  the  independant  variables  arc  given.  As  a result,  the 
precision  and  reliability  cf  the  date  found  lies  been  ascertained.  The 
information  is  presented  in  the  form  of  equations  (and  graphs  and  data 
derived  from  these)  which  are  useful  for  design  purposes  cs'-well  as 
in  the  form  of  comparative  of facts  of  variables  useful  for  resoarch, 

A considerable  intricity  cf  the  results  in  the  universe  considered 
has  been  revealed  and  thus  the  thorough  design  and  analysis  have  been 
well  justified. 
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INTRODUCTION 
.....  Tssaa  sssssss 


As  a result  of  difficulties  experienced  in  the  development  of 
high  angle  launch  aircraft  and  rocket  propulsion  in  general,  this 
laboratory  has  undertaken  to  investigate  tho  forces  involved  and  the 
effects  produced  when  supersonic  gas  Jets  are  deflected  in  various 
ways* 


Little  data  are  available  on  this  topic  and  30  apparatus  and 
experimental  methods  have  been  developed  which  will  allow  many 
different  methods  cf  jet  deflection  to  be  studied.  The  tubular 
extension  method  of  deflection,  v/hioh  is  tho  subject  of  this  report, 
developed  from  a pair  of  paddle  vanes* 

Early  investigations  (Rof.4)  convinced  the  oxporimenters  that 
paddle  vnne3  should  be  curved  to  follow  tho  jet  contour  and  this 
opinicn  led  to  the  consideration  of  the  limiting  coso  where  tho  curved 
vanes  moot  to  form  an  envelope  nrcund  the  jot,  cut  of  which  arose 
this  present  investigation*  This  dovolopmont  is  discussed  in  Part  I 
cf  this  sorics  (Ref.l). 

Apart  from  its  practical  utility,  thi3  method  lends  itself 
admirably  to  pilot  experiments  which  may  be  directed  towards  the 
development  of  a suitable  form  cf  exporimontat ion . 
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DSSCRITTIOIf 

This  is  illustrated  diogramotically  in  Pig.1  and  in  more  detail  in 
Pig. 2. 

A reservoir  of  8 ft.^  capacity  could  be  filled  with  clean  and  fairly 
dry  air  compressed  up  tc  120. atmospheres  pressure  (1,7^0  lbs. /ins .2)  and 
this  rapidly  discharged  via  a nanr-frioticnloss  right-angled  pivot  and  a 
direct  reaction  balance,  through  a modal  nozzle.  Defleotion  of  the  jet 
tends  to  rotate  the  system  about  the  pivot  but  aucl.  motion  is  resisted 
hydraulically  the  pressure  thu3  being  proportional  to  the  lateral  force.  ' 
Oireot  renotien  and  control  moment  arc  also  measured  hydraulioolly,  and 
these  pressures,  together  vdth  the  air  reservoir  pressure,  recorded 
photographically. 

The  Pivot  Bearing. 

This  is  illustrated  in  Fig.  3.  A stout  hollow  spindle  was  mounted  near 
its  ends  and  thereby  rigidly  secured  to  a solid  base  plate.  His  outer 
diameter  of  the  spindle  was  hardened  and  lap  finished  to  form  o bearing 
surface  with  a robust  cylinder.  This  cylinder  hod  an  annular  chamber 
machined  from  its  intorior  which  connects  through  radial  holes  with  the 
hollow  intorior  of  the  spindle.  A tappod  hole  from  the  exterior  of  the 
cylinder  communicated  with  the  annular  chamber  and  served  as  a mounting 
for  the  foot  of  the  direct  reaction  balance.  Essential  dimensions  and 
constructional  details  can  bo  seen  in  tho  figure. 

The  assembly  thus  constituto3_a  froo  pivotting  olbow  joint.  The 
components  were  designed  so  that  they  may  not  distort  under  a high  Interior 
pressure  load  and  the  bearing  surfaces,  as  woll  as  having  a very  small 
friction  torque,  wore  finished  so  that  air  loakngo  was  negligible. 

Ratroloum  jelly  was  found  to  be  tho  most  suitablo  lubricant. 

The  Direct  Ron ct ion  Balance. 

This  is  described  in  more  detail  by  Coulter  (Rcf.2)  and  illustrated 
in  Pig.1  and  Pig. 2. 

A stout  metal  cylinder  'a  * is  rigidly  mounted  -vertically  (in  the  pivot 
bearing  cylinder)  end  contains  a well-fitting  piston  *b*  having  upper  and 
lower  guides.  This  piston  is  drilled  axially  to  form  a flow  channel  and  the 
upper  (hollow)  guide  rod  carries  the  nozzle.  The  lower  annular  chamber  'a * 
in  the  cylinder  i3  oil  filled  and  supports  the  weight  of  the  piston  and 
nozzle.  This  oil  chamber  is  filled  tlirough  a simple  barrel  tap  and  also 
communicates  with  a Bourdon  tube  pressure  gauge.  The  upper  guide  rod  is 
suitably  drilled  so  that  air  in  the  flow  channel  may  freely  pass  into  the 
upper  annular  chorabcr  in  the  cylinder  ’d1 . Air  pressure  equal  to  that  in 
the  reservoir  thus  acts  downwards  on  the  upper  surface  of  the  piston.  The 
area  of  this  piston  is  so  designed  that  this  pressure  force  compensates  for 
the  upward  force  set  up  by  air  pressure  acting  against  the  under  side  of 
the  guide  rod  and  nozzle  shoulder. 

In  order  that  the  air  under  pressure  may  not  look  into  the  oil 
chamber,  long  leakage  paths  are  employed  and  blood  holes,  'e'  open  to  the 
atmosphere. 

Castor  oil  was  found  to  be  a suitablo  lubricant  and  hydraulic  medium, 
Tho  Hydraulic • Systems. 

Those  which  wore  used  to  rocord  control  moment  and  lateral  thrust 
are  illustrated  by  Pig. 4. 

ifctol  bellows  enveloped  a well  fitting  piston  and  cylinder  pair 
(Diesel  fuel  injection  pimp  inserts)  which  acted  as  a locating  devioe. 
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Tho  bellows  isolated  the  interior  Vdiich  dould  thu3  be  entirely  filled  with 
oil.  A Bourdon  tube  gauge  recorded  tho  interior  pressure  and  the  upper 
port  of  the  bellows  supported  tho  appropriate  lovor  am  via  a ball  race. 
Movement  under  load  wan  considered  nogligiblo. 

Hie  nozzle  and  Deflecting  Assembly. 

• 

The  nozzles  were  mode  of  brass,  important  dimensions  are  givon  in 
Pig. 5 and  flow  characteristics  are  shown  In  Appondix  X.  Hw  interiors  wore 
very  wall  finished  and  accurately  gauged.  They  wore  rigidly  attached  to  the 
upper  port  of  the  direct  reaction  balance  by  n steel  body  which  had  provision 
for  holding  the  deflecting  dovioc. 

Hie  deflecting  members  were  mounted  above  tho  nozzle  in  ball  races  and 
carried  a rigid  lever  arm  to  bear  against  the  hydraulic  bellows.  Suitable 
scales  were  mounted  to  indicate  tho  position  of  the  deflector  accurately. 

Pig. 5 illustrates  the  design  employed  for  the  two  types  of  tubular 
dofleotors  which  were  used.  Tho  do  sign,  of  a swivelling  extension  presents 
many  problems  of  detail  and  a number  of  slightly  different  schemas  were 
considered.  Type  *b’  W03  chosen  as  the  simplest  possible  construction  and 
typo  'a*  as  a simple  and  obvious  modification.  The  study  of  two  types  was 
intended  to  determine  whether  such  arbitrary  footuros  of  design  hod  o 
marked  influence  on  performance, 

THE  TECHNIQUE  CF  KXPEHDffiflTATICW 


The  discharge  of  a volume  of  air  through  the  nozzle  and  a record  of 
tho  gouge  roodings  constitutes  '//hat  is  reforrod  to  os  o ’test’. 

Preparation  for  n tost  involved  charging  the  reservoir  to  the  required 
pressure  ( generally  120  ats. ),  landing  and  setting  the  camera,  adjusting  the 
deflecting  member  to  the  required  position  and  flushing  and  filling  the 
diract  reaction  balance  oil  annulus.  Zero  readings  of  the  gauges  and  the 
air  reservoir  tenporature  were  noted. 

An  assistant  operator  opened  the  air  valve  quickly  and  steadily  and 
photographs  wore  token  os  required  by.  operating  r.n  electric  push  button 
controlling  the  camera.  Riotos  were  generally  token  at  100  lb3./lns.2 
intervals  of  air  reservoir  pressure  beginning  ot  1000  lbs. /ins. 2 and  ending 
at  400  lbs./ins.2  This  selection,  was  at  the  judgement  of  the  camera  operator. 

Readings  were  taken  direct  from  photographic  negatives  and  at  the  same 
time  the  deflection  setting  was  chocked,  plate  6 is  a sample  recording. 

The  gauges  record  the  hydraulic  and  air  reservoir  pressures.  Hie  photograph 
shows  deflector  type  *a'  sot  at  6 = 10°. 

Oil  gauge  readings  wore  then  plotted  against  the  air  pressure 
readings  for  a tost  as  a chock  against  gro^g  errors  in  recording  and  readings 
of  the  oil  gauges  interpolated,  to  tho  pressure  level  required,  whenever  tho 
photograph  had  not  been  token  at  exactly  the  right  air  pressure. 

Such  figures  aro  regarded  os  tho  fundamental  observations  fas  recorded, 
for  example,  in  Table  8). 


THE  TESTING  AMP  CALIBRATION  OF  THE  APPARATUS 

Testing. 

Because  cf  the  short  action  time  of  a tost  (about  10  seconds)  and  the 
steadily  changing  conditions,  it  was  considered  a first  essential  to 
establish  thot  tho  gauges  were  adequately  responsive  and  stable.  All  Bourdon 
Tubes  wore  evacuated  and  filled  with  hydraulic  oil  which  effectively  damped 
ony  troublesome  oscillations.  The  direct  reaction  gauge  was  oil*filled  and 
isplated  from  the  balance  by  s diaphragm  seal.  (Sea  Fig.7). 
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This  was  mounted  close  tc  the  balance  and  wns  fitted  with  o bleed  sorow 
on  the  balance  side  by  moons  of  which  the  hydraulic  system  could  be  flushed 
*t  ooch  filling.  In  this  way  it  wns  ensured  that  all  air  was  removed. 

By  controlling  the  rate  at  which  tho  air  yalve  was  opened,  the  rate 
of  increase  of  air  pressure  could  be  varied  and  in  this  way  it  ocs  shown 
that  the  results  were  independent  of  tho  rate  of  change  of  reservoir 
pressure  (over  the  range  aensidarod). 

It  was  further  established  that  dynamic  equilibrium  prevailed  during 
a test  by  comparing  observations  made  with  rising  ond  falling  reservoir 
pressure.  These  rovonlod  sene  small  hysteresis  but  it  was  very  similar  to 
that  observed  during  a static  calibration  and  attributed  to  friction  at  the 
bearing  surfaces.  Tho  direct  reaction  balance  proved  particularly 
trouble some  in  this  respect  until  castor  oil  was  used  as  the  hydraulic 
modium.  The  excellent  lubricating  properties  of  this  oil  reduced  the 
hysteresis  effect  to  within  tolerable  limits. 

An  oxtensive  experimental  programme  of  some  1 6 tests  (known  as 
Experiment  I)  wns  conducted  to  verify  that  reproduoiblo  results  wore 
obtainad  under  a variety  of  operating  ocnditiois.  As  a result  of  these, 
it  was  established  that  suitable  precision  could  be  obtained  especially 
if  tho  operating  conditions  were  standardised.  Under  these  conditions  the 
diroct  reaction  (the  accurate  measurement  of  which  had  proved  the  most 
difficult)  was  found  to  hove  a standard  deviation  of  t 3.2  lbs.  force 
(20  d/P).  This  is  approximately  + 1.5#  of  the  average  value  recorded. 

Calibration. 

The  direct  reaction  Gauge  and  diaphragm  3oal  assembly  wns  calibrated 
on  a dead  weight  tester  and  reaction  calculated  fron  the  dimensions  of 
tho  balance  (See  Coulter  Ref. 2). 

This  leads  to, 

Pp  a 3.149  (pp  - 10,4)  lbs.  fi.  -cc 

(10.4  Ibs./ins.^y is  tho  zero  gaugo  reading  due  to  the 
dead  weight  of  the  floated  part  of  the  apparatus) 

It  should  be  noted  that  this  expression  ignores  the  small  thrust 
generated  by  tho  gas  acceleration  at  the  foot  of  the  balance.  The 
correction  is  only  necessary  when  it  is  required  to  calculate  absolute 
efficiencies.  (Sec  Ccultcr  Ref. 2). 

The  0 - 1,000  lbs. /ins. 2 air  pressuro  gauge  was  compared  with  a sub- 
standard (recently  checked  by  the  makers)  and  found  to  read  1#  high.  It 
was  free  of  hysteresis  and  could  be  conveniently  read  to  i 3 lbs./ins,2 

Control  moment  and  side  thrust  measurement  a were  calibrated  by 
suspending  weights  from  the  appropriate  levers  suitably  extended  to  afford 
a convenient  mechanical  advantage . Calibrations  were  carried  out  with 
rising  and  falling  loads,  with  loading  to  different  maxima  and  ct  different 
angular  settings  of  the  levers.  Hysteresis  between  rising  and  fblling 
looding  was  found  and  this  attributed  to  friction  ct  the  various  bearing 
surfaces.  However,  results  'were  consist  ant  fer  either  mode  of  loading  and 
so  it  was  decided  to  accept  those  for  foiling  load  this  being  the  condition 
prevailing  during  a test. 

A regression  on  the  data  leads  tc  the  following  calibration  equations. 


•201  Pc 

- .49 

*8  “ 

.525  pB 

- 5.77 

(Side  thrust. 

F3  is  assumed  to 

to  the  axis  of  normal  flow). 


t .09  (36  d/p)  lbs,  ft. 
t .80  (32  d/F)  lbs. 

act  at  the  nozzle  throat  and  perpendicularly 
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The  extension  tube  lengths  were  os  follows, 


s 

= 5/8" 

+ .005". 

Sfl  ® 

°2 

5/8"  + .001" 

*1 

« 5/8" 

- .008". 

Sfe2  3 

5/8"  - .002" 

* 

Measurements  were  made  with  a micrometer. 

The  nozzle 

throat  dimensions  were, 

*a  = 

.5012" 

diem.  5 

.001369  ft? 

c/s.  area. 

.4995" 

dinm.  Z 

*001360  ft? 

c/s.  area. 

These  wore  determined  both  by  "go"  and  Mno  go"  ball  gauges  and  by 
o .003"  in  5M  taper  mandrel  and  micromotor. 


The  deflect icn  angle  was  measured  cn  a draughtsman’s  protractor 
mounted  on  the  lever.  The  angle  changed  vory  slightly  under  load  and.it 
was  estimated  that  the  anglo  could  be  set  to  + 0.3°  taking  oil  sources  of 
variation  into  acoount. 
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. THE  DESIGN 

It  is  required  to  men  sure  the  direct  thrust,  Fj)  , the  side  thrust,  Fs  , 
and  the  control  moment , Ug  produced  under  various  controlled  conditions. 

It  is  planned  to  vary  tha  cir  reservoir  pressuro,  p0  , the  extension  tube 
length,  s and  the  tube  inclination,  6 for  the  two  ncaale  types,  t described 
in  fig. 5. 

Of  the  four  controlled  variables,  air  reservoir  pressure  is  unique 
beoouse  tho  method  of  experimentation  necessitates  observations  being  made 
sequentially.  Thus,  observations  of  tho  three  forces  for  various 
combinations  of  the  other  three  independent  variables  were  planned  to  form 
a factorial  experiment  i.c.  a a factorial  arrangement  of  tests  each  test 
containing  a sequence  of  observations  at  various  reservoir  pressures. 

Tho  three  faotors  and  their  levels  ora, 

t - no22lo  type,  2 levels. 

Type  'o’  designated  by  tQ 

Type  'b'  designated  by  t^ 

s « extension  length,  3 love  Is, 

5/8"  extension  designated  by  s0 

It:*  extension  designated  by 

l£"  extension  designated  by  32 

6 - tube  inclination,  4 levels. 

5°  designated  by  ©Q 

10°  designated  by  ©^ 

15°  designated  by  ©g 

20°  designated  by  ©3 


The  ranges  of  s and  6 wore  chosen  to  include  all  practical  values. 

The  entire  experiment  requires  at  least  2 x 5 x 4 - 24  tests  ana 
in  addition  1/3  replication  was  included  making  a programme  of  (l  + l/3) 

24  a 32  tests*  Further,  a number  of  blank  tests  wore  included  for  control 
and  the  experiment  was  confounded  into  four  randomised  blocks  of  8 tests 
each. . Thus,  8 repeats  are  available  for  estimates  of  error  and  possibly 
10  or  mere  high  order  interactions.  Of  these,  3 may  be  confounded, 

A test  was  planned  to  contain  7 observations  made  at  100  lbs, /ins? 
intervals  cf  p0  from  1,000  to  400  lbs. /ins?  By  regression  the  results 

of  the  7 factorial  analyses  can  bo  correlated  with  pc  and  tho  degree  of 
freedom  upon  which  the  various  estimates  ore  made  accordingly  increased. 

Tho  programme  is  known  as  'Experiment  II*. 
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ANALYSIS  OF  gg  'DATA 

The  fundamental  observations  (os  defined  cn  page  9 ) of  Experiment  II 
ore  reoordod  in  Table  8.  The  hydraulio  pressures  pjj  , p8  and  p0  correspond 
to  the  direot  thrust,  side  thrust  and  oontrol  moment* 

A separate  analysis  is  necessary  for  eoch  of  the  so  three  statistics 
at  each  of  the  seven  prossurc  levels  making  3 x 7 ■ 21  analyses  in  all* 

An  extension  of  Yates*  tabular  method  vroo  employed  and  a specimen  table 
is  shown  in  Table  9.  The  operators  of  the  three  factors  are  shown  in 

(TIhVI  a 4 a 

auv*u  tv# 

The  1/3  replication  was  offeoted  by  repeating  the  middle  level  of  tbs 
factor  S and  thereby  artificially  elevating  it  to  a A level  faotor.  The  S 
operator  shows  one  o caparison,  o which  is  a measure  of  error  based  or 
repeats*  The  inclusion  of  this  'dummy*  level  and  tho  consequent 
modification  of  the  operator  requires  that  tho  moan  effects  be  corrected 
before  they  con  be  applied  directly  to  a regression  equation. 

Tho  corrected  moan  effects  arc  denoted  by  superscript  lotters  S*,  etc. 
and  are  as  follows?* 

K) 

fsj) 
fa£) 


4 I ' 

S 3 j ^ 4*  (82)  j 

=*  - (&l) 

=»  2/3  (S2) 


The  variances  thus  become, 


V(K)  = vfSc)  * 1/9  7 cs2) 

v(s;)  - v(Sl) 

Us'z)  - V*T(  , 
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Example. 


Table  9 shews  that, 

(S^)  a 17,0;  (S^  6^)  a -1,0  and 

(SgS'i)  — -i,? 

Henoe,  the  corrected  mean  effects  become, 

C ©1 ) - 1/3  (3  X 17.0  - 1.9)  ■ 1 6.4 

(S^i)  = 1,0 

(S20i)  = 2/3  (-1.9)  = -1.2 


and  the  variances. 


7 f 6,j  j “ <r2/9  x 1 6 } 

V (8,6,)  * ! 


Corrected  divisor  for  mean  = 144 
Corrected  divisor  for  mean  ■ 80 


V(326,)  * <'2/360  > 


Corrected  divisor  for  mean  a 3^0 


These  corrections  ore  listed  in  Tabic  9. 

Henceforth,  unless  otherwise  stated,  'morn  effect’  will  refer  to  the 
corrected  effect  and  the  superscript  will  be  dropped* 


THE  EFFECT  OF  CONFOUNDING 


If  blocks  of  tests  ore  biased  by  constant  amounts  w,  x,  y and  z (as 
Indicated  in  Table  8),  twenty  three  effects  will  be  free  of  bias  and  the 
eight  confounded  offsets  will  be  biased  os  follows: 

TOTAL  EFFECT 

AMOUNT  OF  BIAS 

["  32  ®lj 

8 (-w-x+y+z) 

[ aT  ®l] 

8 (-w+x-yf*) 

ivi] 

- 8 ( -w+x-y+z ) 

[eT02} 

4 (-w+x+y-z) 

[sTeaJ 

4 ( -w+x+y-z ) 

O e3] 

16  ( -w-x+y+z ) 

[eIC3] 

- 4 (-w+x-y+z) 

03 

*-3 

(V 

4 1 

4 (-w+x-y+z) 
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The  eight  effeets  whioh  contain  the  terra  'o'  are  'pure'  expressions 
of  error  based  upon  repeats  and  sinoo  three  of.  these  are  confounded,  the 
presence  of  blook  bias  may  bo  detected  by  comparisons  amongst  these  groups* 

These  tests  for  confounding  showed  control  moment  and  side  thrust 
to  bo  free  of  blook  bios  but  direct  thrust  was  found  to  be  seriously 
confounded.  The  reason  for  this  was  traood  to  inadequate  lubrication  of 
the  upper  port  of  the  reaction  balance  and  a consequent  deterioration 
which  only  showed  itself  after  the  initial  testa  of  Experiment  I. 

This  was  an  unexpected  and  disappointing  result  but  a modification  is 
expeated  to  overcome  this  dofcct  in  any  future  work. 

Sinoo  tosts  were  confounded  in  four  blocks,  there  are  only  throe 
independant  oenfounded  groups  (oxcopting  the  moon).  Hence,  five  of  the 
confounded  effects  may  bo  'da -confounded'  if  the  remaining  three  effects 
used  as  'koys'  may  bo  assumed  to  be  expressions  of  orror  and  confounding 
only. 


Inspection  of  the  biased  effects  sot  out  on  page  17  shews  what 
alternatives  are  available.  aT£^  , oT  6 2 w0re  chosen  as 

'keys'  and  lead  to  the  following  expressions  for  the  'do -confounded' 
effects  and  their  variances, 


(s2e.,)  » 

($2  f-t  )** 

- i (s 2f3r 

Variance 

= <r2/l28 

(31T€ir 

+ (cTf1)** 

Variance 

=*  (r^A-0 

fS^T  C2 ) 3 

C^TCg)- 

- foTe2)“ 

Variance 

= orz/8 

(eT03)  = 

{oTf^r 

+ W CoT  €■})*■ 

Variance 

3 0-2/6^ 

f^TGj)  = 

fa,T  f3r 

1 

«r- 

£ 

Hm 

1 

Variance 

= c r^/6li. 

(The  superscript  " refers  to  a confounded  effect). 


By  this  process,  only  throe  unimportant  effects  are  irretrievably 
lost.  The  logic  of  these  steps  colls  for  further  explanations  but  these 
would  be  outside  tho  scope  of  this  treatment. 

Henceforth,  where  applicable,  only  effects  which  are  free  of 
confounding,  or  have  been  'do -confounded',  will  be  compared. 


THB  ESTIMATION  OF  ERROR 


A homogeneity  test  was  first  made  by  comparing  the  high  order 
interactions  with  tho  effects  of  repeats.  If  these  fomed  a homogeneous 
set  of  variances,  the  high  order  interactions  were  included  in  the  estimate 
of  error;  otherwise,  they  were  rejected  and  tho  error  voriance  based  only 
on  repeats, 

A second  test  was  made  on  the  variances  accepted  from  the  first  test 
to  ensure  that  those  wore  uniform  at  all  air  pressure  levels. 

As  a result  of  these  tests,  it  was  found  that  nine  high  order 
interactions  could  be  included  in  the  estimate  of  direct  thrust  variance 
giving  15  degrees  cf  freedom  at  each  prassure  level.  The  error  variance 
of  control  moment  and  side  thrust  were  restricted  to  estimates  based  on 
repeats  only  and  this  reduced  the  degrees  of  freedom  to  eight  at  eoch  air 
pressure  level. 
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These  variances  wore  used  to  teat  the  significance  of  the  various 
effects  at  each  air  pressure  levol,  In  order  to  reduce  the  complexity  of 
the  results,  the  0.1%  probability  level  was  adopted  in  the  case  of  the 
control  moment  and  side  thrust.  This  more  critical  level  was  also 
considered  more  suitable  for  these  oases  whore  the  degrees  of  freedom 
available  for  estimates  ef  error  were  rather  limitad.  The  \%  probability 
level  was  oonsidered  suitable  for  the  direct  thrust, 

« 

The  significant  mean  effects  found  at  oach  pressure  level  wore 
correlated  with  air  pressure  by  moans  of  regression  equations,  thus  treating 
air  pressure  as  a ocmpldtoly  independent  variable.  The  residuals  from 
those  regressions  wore  first  shown  to  bo  not  significantly  different  from 
the  variances  obtained  as  described  above.  Those  residuals  were  then  pooled 
with  this  variance  to  obtain  for  eooh  statistic  an  overall  oatimate  of 
error  based  an  a large  number  of  dogroos  of  freedom. 

The  correlated  mean  effects  aro  tabulated  in  table  11.  Tho  final 
pooled  varionoos  are  summarised  in  tabic  13* 
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TABUS  11 

SUMLTRY  OF  CORRELATED  RESULT? 
SIDE  THRUST  GAUOB  PRESSURE 
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TABLE  11  COKTINUSD 

ooirrRQL  mcmbkt  gauge  pressure  » 10 
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THE  RESULTS 

FRESEKTATIOT  OF  RESULTS 


It  should  be  noted  that  the  figures  so  for  quoted  refer  to  the 
hydraulic  pressures  set  up  by  the  control  moment,  side  thrust  and  direct 
thrust.  They  may  easily  be  converted  into  the  desired  units  by  use  of 
the  calibration  results  given  on  page  10. 

The  moan  effects  which  have  boon  shown  to  be  significant  may  readily 
be  combined  to  form  a polynomial  expressing  the  statistic  in  terms  of 
s,  0 , t and  p0.  This  process  is  described  in  Appendix  II. 

i i 

So  many  interactions  hove  proved  significant  in  the  case  of  side 
thrust  and  control  momeht  that  tho  resulting  expressions  are  extremely 
cumbersome  and  hence  of  littlo  practical  utility. 

However,  the  full  regression  equation  is  given  for  direct  thrust  (see  p^6  )* 

Because  of  the  unwieldy  nature  of  the  regression  equations,  the  'most 
probable*  values  of  the’ results  ore' tabulated  (table  12;  and  these  also 
presented  in  graphical  form  (Pigs.  20-26). 

It  must  bo  kept  in  mind  that  the  complexity  cf  the  results  and  the 
consequent  difficulty  of  presentation  is  a reflection  of  the  complexity 
of  the  process  investigated.  No  simplification  is  possible  without 
equivalent  loss  of  accuracy  and  it  is  felt  that  this  would  only  conceal 
valid  information  whilst  the  accuracy  lost  would  be  greater  than  that  lost 
by  reading  values  from  the  graphs. 

Precision  cf  the*  Results. 

On  page  18  it  was  shown  how  the  variance  was  derived  for  each 
statistic.  These  are  the  variances  of  single  observations  and  expressed 
in  the  original  units  of  hydraulic  pressure.  The  variances  of  the  'most 
probable*  results  are  simply  derived  from  these  and  are  listed  in  table  13. 
These  are  an  index  cf  the  precision  of  the  figures  quoted  and  thus  a 
measure  cf  the  reproducibility  of  results  with  the  apparatus  used. 

For  design  purposes  the  fiducial  limits  may  be  required.  Those 
indicate  the  likely  range  of 'on  estimated  result  taking  all  experimental 
trends  into  account.  Thi3  nay  be  calculated  from  the  regression  equation 
and  is  illustrated  by  On  example  in  Appendix  II. 

It  is  seen  from  toble  13  that  "for  control  moment  and  side  thrust, 
the  experimental  variances  ore  not  significantly  different  from  the 
calibration  errors  given  on  pa go  10.  This  fact -gives  .an  indication  of 
the  high  quality  of  the  experimentation. 
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TABLE  12 


SUMMARY  OF  'MOST  HtOBABLE*  RESULTS 


DEFLECTION 


ANGLE 


^tyfe| 


SIDE  THRUST 
Fs  lbs. 


CONTROL  MOMENT 
JSq  lbs.  ft. 


pD  a 400,  600,  800,  1 000,  f 400, 


8.0  11.8  16.0  20.4  -.23  0 

a 13.6  19.0  25.7  32.2  ,20  .64 

a 17.6  25,3  33.5  42.0  .73  1.36 

16.6  27.3  37;o  45.4  .10  .51 

22.7  38.1  52.5  65.7  .81  1.72 

30.6  48.9  66.1  82.1  1.37  2.75 

23.0  40.3  55.2  67.4  .27  .78 

35.6  60.2  82.2  101.2  1.21  2.71 

1 40.6  65.5  87.8  1 07.5  2.25  4.21 

30.3  55.1  75.7  92.6  .45  1.40 

46.1  77.3  1 04.2  127.7  2.13  4.03 

50.6  79.2  104.0  125.0  2.47  4.20 

10.5  16.2  22.3  28.6  -.14  .11 

16.7  22.6  28.8  35.2  .48  .86 

18.0  23.8  30.2  36.7  .71  1.34 

19.3  31.9  43.5  53.8  . 24  . 66 

28.2  43.7  57.9  71.1  1.12  2.04 

28.3  44.7  60.0  74.2  1.03  1.92 

27.2  46.3  63.2  77.2  .60  1,35 


2.28 


1.18  1.46 


7.34 


1.28 

2.28 

1.20 


2.70  3.36 


65.7  87.8  107.2  1.87  3.20  4.42 

59.8  80.2  98.2  1.13  1.93  2.63 

63.9  86.4  105.2  .78  1.60  2.30 

80.3  107.2  130.7  2.02  3.38  4.62 


3.20 

2.e9 


46.5  73.3  96.2  115.2  1.87  2.94 


i 

I DEETSOTJCH  | 

| angle,  e 


DIRECT  THRUST 


Fjj  lbs. 

400 

600 

.800 

1000  lba./lns 

108.0 

166.0 

219.5 

270.0 

113.5 

169.0 

220.5 

268.0 

114.5 

166.5 

214.0 

257.5 

111.5 

158*3 

201.0 

239.0 
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TABLE  13 

SUMMARISED  ERROR  VARIANCES 


OBSERVED  VARIANCE  x 
(of  c single  observation) 

— 

VARIANCE  CP 
"Most  Prob." 

otntfr  fna 

STANDARD 
DEVIATIOf  CP 

STATISTIC 

Original 

Units 

Perec  * 
Units 

Donees  of 
Freedom 

HSSULT3 

MO  ST  XTOD  • 

RESULTS 

sms 

THRUST 

5.68 

1.57 

124 

1.18 

1 1.1  lbs. 

DIRECT 

THRUST 

4.12 

41.0 

119  * 

j 

5.12 

t 2.2(5  lbs. 

CONTROL 
| MOMENT 

.303 

■9 

140 

.0093 

z .096  lbs, ft 

— i 

x This  is  the  final  pcclod  variance  obtained  as  discussed  on  p.18. 


x Since  P3  » 0.525  ps  - 5.77,  V(F„) 


C.525)2 


= (.525)2  x 5.68  * 1.57 


and  similarly  for  the  other  statistics 
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DIRECT  THRUST 

The  vary  high  error  variance  of  the  direct  thrust  observations  at 
least  makes  for  n simple  regression  nquntiant 

PD  a -31.0  ♦ .35Po  - ,000O52po2.  + 2.75  6 - .0378  e 2 

- .000705  pc  0 - .000126  p0  6 2 lbs. 

This  expression  is  plotted  in  Pig. 24.  When  6 a 0,  the  thrust  reduces  to, 

F°(6«  0)  * r31*°  + *35  P°  " .P00052  p02  lbs. 

Neglecting  the  second  order  terra  gives  tho  following  linear  relationship, 

Pjj  base  - 10.8  + .277  p0  lbs. 

If  this  expression  is  corrected  for  the  thrust  generated  by  acceleration 
in  tho  stand-pipe  at  tho  foot  of  the  reaction  balonoo,  it  boaemos, 

P'r  V»  -10.8  + .2859  P0  lbs. 

This  compares  wry  favourably  with  the  moon  theoretical  un deflected  thrust 
for  the  two  nozzle  typos. 

Fb"  n .2865  P0  lbs.  at  TQ  a 300°K 

This  gives  a thrust  efficiency  at  0°  do  flection  of  %..2£  at  p0  = 700  Ibs./ins.2 

The  regression  equation  approximates  closely  to  the  knoim  boundary  conditions 
i.e.  when  pQ  = 0 and  6 = 0. 

If  the  quadratic  term  in  pQ  is  admitted  to  have  meaning  fit  has  been  proved 
to  be  statistically  significant),  an  optimum  air  pressure  may  be  deduced 
03  fellows: 


= .35  - .000104  pp  - .000705  0 - .000126  Q2  o 0 

3 Po 

whence,  Po  *=  3, 360  - 6.8  0 - t.2  02  fer  max.  PB 

Thus;  with  no  deflection  (-  6 = 0°)  the  optimum  reservoir  pressure  is 
3,360  Ibs./ins.2  and  this  value  falls  slightly  with  increasing  ongle  of 
deflection  to  3,172  Ibs./ins.2  at  0 = 1w  and  2,744  lbsi/ins.2  at 

0 = 20°. 

However,  it  oust  be  kept  in  mind  that  those  figures  lie  well  outside  the 
experimental  range  and  hence  should  be  accepted  with  caution.  - 

The  variance  of  Fq  is  much  lorger  than  those  of  tho  other  statistics, 
as  can  be  seen  in  table  13.  This  is  not  unexpected  for  reasons  given  on 
page  18.  It  must  be  emphr  xsed  though,  that  although  individual  values 
for  direct  thrust  hove  0 lew  precision,  the  regression  equation  presents 
the  true  trends  i.e.  It  gives  the  true  quantitative  dependence  of  thrust 
on  detracting  angle  and  resorveir  pressure.  Better  precision  may  hove 
resulted  in  on  additional  dapondonco  m length  of  tube. 
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The  derived  polynomial  expressing  P#  na  o function  of  p«  , S,  8 end 
t is  tee  complicated  to  permit  of  a rigorous  analytical  consideration  of  tho 
possible  maxima  existing.  However,  some  simplification  is  possible. 

. „ * ■ " 

Inspection  of  tho  general  expression  'or  of  the  graphs  In  Pigs,20~26 
shows  that  thoro  is  no  useful  maximum-  6 . In  practice  the  most  likely 
problem  will  be  to  find  tho  combination  of  p0  , s and  t which  yield  o 
max.  Fs  for  a given  0 . 

Since  t is  net  a continuous  variable,  separate  analyses  must  be 
applied  tc  eaoh  type.  is  linear  in  end  so  thero  is  nc  need  to  transform 
the  equation  from  its  original  units. 


For  type  'o'  with  0 » 20°  , 


aPs 

9s 


32.72  + .3102  pQ  + 35.48s 


- .2233  PqS. 


Inspection  of  this  equation  shows  that  sensible  values  of  pc  and  3 are 
non -concomitant  if  the  derivative  is  tc  equal  2ero,  Honoe,  thero  is  no 
useful  solution  to  the  problem  of  finding  the  optimum  Po  i s combination. 
However,  if  p0  is  chosen  from  other  considerations,  the  optimum  tube  length 
is  readily  determined. 

Thoso  conditions  ere  found  to  hold  for  both  types  at  all  angles. 
Optimum  voluos  of  s for  various  choices  of  tho  ether  variables  are 
tabulated  below. 

These  values  all  lie  within  the  range  studied  and  hence  their 
reliability,  con  be  accurately  assessed. 


FOR  MAXIMUM  Fs 


TYPE 

•o' 

TYPE  *bf 

c 

0=0 

20° 

0° 

20° 

pc  s 400  lbs. /ins. 2 

S a 1.28" 

1.70" 

1.31" 

1.56" 

pe  , = 800  Ibs./l hs.2 

1.24" 

1.50" 

1.18" 

1.39* 

pc  a 1000  Ibs./ins.2 

1.23" 

1.48" 

1.15" 

1.36" 

p0  =»  optimum  for 
max.  Fd  (see  p.  26  ) 

1.17" 

1.42" 

1.02" 

1.29" 
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CCamCL  MflffiNT 

ThiB  statistic  follows  a broadly  similar  pattern  to  that  of  side 
thrust  but  tho  effect  of  typo  and  its  interactions  are  more  predominant 
(soo  table  11 ).  A similar  troatmont  to'  that  of  the  preceding  section  may 
be  applied  to  the  regression  equation  for  Mo  but  inspection  shows  that 
there  is  no  and  there  appears  to  bo  no  practical  reason  for 

dotormining  aocurately  conditions  leading  to  o maximum.  Approximate  values 
may  be  readily  obtained  from  tho  graphs  - Pigs. 20  - 2$, 

Considering  the  practical  utility  of  the  information,  in  any  application 
involving  a permanent  predetermined,  jet  deflection,  an  approximate  value  for 
the  nMurfnnim  force  likly  to  occur  is  all  that  would  be  required.  Sinoe  Mo 
is  not  linear  in  6 and  furthermore  has  maxima  for  many  conditions,,  any 
automatic  control  of  jet  deflection  by  a system  which  responds  to  direction 
signals  by  applying  a given  control  moment  would  be  useless.  It  would  be 
necessary  to  employ  a system  which  responds  by  setting  the  tube  to  a 
required  angle  (the  system  discussed  by  Friedman,  ref.3).  Side,  thrust  is 
sensibly  linear  in  6 over  wide  ranges  which  simplifies  the  problem  and  it 
is  only  necessary  to  know  tho  power  requirement  to  overcome  the  maximum 
control  moment. 


THE  IMPRACTICABILITY  OP  ASSESSING  EFFICIPFCT 

It  would  be  useful  to  estimate  the  thrust  cfficianoy  of  the  nozzle 
under  various  conditions  of  cflectian  but  the  high  error  variance  of 
individual  direct  thrust  measurements  makes  useful  estimates  of  this  quantity 
impossible). 

Another  useful  efficiency  estimate  would  be  a comparison  of  the  vector 
sum  of  side  and  direct  thrust  with  the  direct  thrust  of  an  tmdeflected  jet. 
(See  fig.13.a.).  ' 

However,  the  error  variance  of  this  ratio,  dependent  as  It  ;Js  on  the 
variance  of  direct  thrust,  is  so  great  that  a factorial  analysis  shows  all 
factors  to  be  non-significant.  For  example,  when  pc  =»  1,000  lljs./Sns.*, 
the  variance  of  the  resultant  thrust  is  37.6  (sec  Appendix  H)  and  the 
overall  mean  sum  of  squares  ( of  deviations  from  the  mean)  is  only  34*9  for 
this  statistic. 

This  is  an  unfortunate  consequence  of  the  feature  of  the . direction 
reaction  balance  mentioned  on  page  18  and  it  cannot  be  overcome  by  any 
analytical  teohnique. 


the  hub  cf  thrust  gf  thb  deflected  jet 

The  vector  combination  of  diroot  and  concomitant  side  thrust  enables 
the  line  of  resultant  threat  action  to  bo  estimated,  lot  the  angle  this 
mekes  to  the  normal  axis  be  0 (See  Pig.13.a»). 

An  analysis  of  the  variance  of  0 is  made  in  Appendix  H and  there  it 
is  shown  that  the  coefficient  of  variation  is  very  small. 

Coefficient  of  Variation, 

Fs  Po  0 


pe  a 1,000  lbs./sq.in.  1.59#  2.4 8#  .0485# 

b 400  " ' . ■ 4.25#  5.7#  .119# 

Thus,  in  spite  of  tho  high  variance  of  Pjj  , 0 may  bo  determined 
quite  accurately  (within  tho  experimental  range). 
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This  porn  me  ter  0 baa  boen  o value  tod  {Von  tho  "most  probable1*  values  of 
P„  end  Pq  at  p6  » 1,000,  800,  600  and  400  lbs./aq.in.  at  all  the  experi- 
mental levels.  Fran  these  sots  of  results  a factorial  analysis  has  been 
darried  out.  This  loads  to  tho  regression  oquatlon, 


0 « 2.2  - .0035  Po  - 5.1s  + 3.83s2  - -.040 
+ .00058  pe  G - ,6l44s20  ♦ 1.54s  0 
+ 3.2  t 2.6  st 


Noto  that  it  is  linear  In  ail  terms  but  S ( t tokos  tho  value  0 for  type 
a and  +1  for  type  b ).  It  is  set  out  in  graphical  form  - Figs.  25  and  26. 


Inspection  of  this  oquatlon  shows  that  there  is  no  optimum  p0  or 
However,  90 

Ts 


when. 


5.1  ^ 1.54  6 

g — for  type  o 

7.66  - 1.23  0 

7.7  - 1.54  0 

for  type  b 

7.66  - 1.23  9 


0 Z0  " ’ 

Koto:-  is  negative  ' only  for  0 > 6,25 

as2 

and  thus  maximum  0 exists  only  when  0 6.25° 


At  0 = 10°  , sLp  = 2,25"  for  type  n 

* * 1.66"  - « b 

It  may  be  noted  that  these  values  are  greater  than  those  required  to  produce 
moximsn  side  thrust  face  page  27). 


THE  MECHANISM  CF  OEFLECTICN 

The  mechanism  of  deflection  by  inclined  tubular  extensions  appears  to 
be  a fairly  simple  Case  of  momentum  change.  A series  of  shadowgraphs 
have  been  studied  and  these,  in  conjunction  with  the  foregoing  data,  have 
enabled  a qualitative  description  of  the  mechanism  of  deflection  to  be 
formulated. 

No  new  shock  wbvg  patterns  of  any  intensity  ore  set  up  by  the  deflector. 
The  extension  appears  to  act  os  a "momentum  guide"  and  has  a "smoothing" 
effect  upon  the  Jet.  Expansion  in  the  conical  divergent  portion  of  the 
nozzle  increases  the  normal  momentum  but  also  causes  a small  amount  of 
tangential  moment  im  which  causes  tho  Jot  to  continue  expanding  oven  if  it 
has  reached  o.tmospherio  pressure  at  the  exit  plane.  Thus,  over-expansion 
occurs  followed  by  some  recompression  (by  the  ctmosphero)  and  the 
characteristic  shook  "X"  pattern  is  set  up.  This  i3  n periodic  phenomenon 
and  though  highly  damped  by  the  turbulent  boundary,  a sooond  shock  "X"  may 
often  bo  observed  (Fig.14,  Hate  17). 

Tho  tubular  extension  (when  not  inclined)  prevents  over  expansion 
by  tangential  mcmantum  and  a more  parallel  Jet  results.  The  momentum 
change  effected  by  the  tube  sots  up  a similar  shook  "X"  os  before  but  now 
plainly  originating  from  the  region  of  opplioation  of  the  necessary  force. 

If  the  Jot  is  not  oorrcctly  expanded,  a .second  shock  "X"  will  originate 
from  tho  exit  plane  of  the  tube.  (Fig.15  and  Plato  18). 
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The  growth  of  a boundary  layer  In  tho  tuba  any  assist  recaqpre  salon.  It 
is  notsblo  that  tho  "momentun  guidance*  imparted  by  a fairly  long  tube  will 
servo  to  koep  an  under-expanded  Jot  parallel  for  some  distance  outside 
tho  nozzle  before  it  o.rpcnda  completely. 

If  tho  tubo  is  inclined,  the  upper  part  of  tho  Jot  will  now  bo 
subjected  to  ouch  acre  severe  "momentum  guidance”  and  there  will  b©  on 
ovon  more  intense  zone  of  re -compression  sot  up  by  the  upper  port  of  tho 
deflector.  The  lower  part  cf  the  Jet,  because  of  its  noraal  momentum, 
will  detach  from  the -tube  wall  and  add  to  the  re-otanprossion* 

If  the  tubo  is  fairly  leng,  the  second  expansion  will  bo  restricted 
in  one  direction  by  tho  upper  surfaco  of  tho  deflector  and  asymmetric 
exponsion  will  produce  a resultont  momentum  inclined  nt  o greater  angle 
than  tho  tubo  vails,  fFig.16  and  Plato  19),  . 

Beyond  an  optimum  tube  length,  a second  recoraprossion  may  occur. 
Exponsion  after  this  may  result  In  a more  symmetrical  Jot  and  hence  less 
difference  botweon  tho  onglcs  0 and  0.  Thus,  this  optimum  tube  length 
corresponds  to  that  which  will  preduco  max,  .0  for  a given  © and,  if 
efficiency  is  100£,  to  that  which  \/ill  produce  max,  Fs  for  tho  same  6 . 

If  the  tube  is  too  short  to  complete  the  first  rocompressien,  tho  Jot  will 
not  bo  turned  through  the  full  angle  0 . 

The  conical  enlargement  at  tho  exit  of  nozzle  type  fa*  will  increase 
tho  tangential  component  of  momentum  end  thus  the  "duty"  that  the  tube 
must  perform.  This  will  tend  to  increase  the  control  moment  and,  in 
general,  type  *of  was  found  to  have  the  higher  control  moment  and  smaller 
side  thrust  (see  graph  Fig. 23).  typo  *b',  os  expected,  woe  found  to  be 
more  generally  efficient. 

The  formation  of  the  Jet  in  the  nozzle  dees  not  oppoor  to  bo  hindered 
in  any  way  by  the  tubular,  extension  and  so  this  method  of  jot  deflection 
maybe  classified  as  "diversion"  fscc  rcf.1 ). 


Tho  "most  probablo"  results,  as  obtained  on  pages  23-2 % t are 
presented  grophiaqlly  (together  with  error , ranges)  in  figs . 20  - 26,  They 
apply  to  an  air  jet:  disoharged  from  a ^",modei  nozzle  at  a Mooh  Ho*  of  about 
3.0.  ■ • ...  * 

Side  thrust  is  f omql  to  inoroase  fairly  regularly  with  Increasing 
inclination  of  tho  extension  tube  and  with  reservoir  pressure,  but  the  details 
of  this  variation  oro  rather  complex,  Tho  two- types  yield  different  results 
in  detail  though  they  behave  In  a broadly  similar  maimer.  At  higher 
deflection  anglos,  optimum  tuba  lengths  lead  to  mxiiun  side  thrust.  The 
maximum  side  thrust  produced  was  about  509?  of  tho  direot  thrust  and  the 
smallest  value  recorded  was  ndcr  1 05?*  .. 

The  difeot  thrust  appeared  to  be  not  seriously  reduced  when  the  jet  was 
dof looted.  The  high  error  variance  of  this  statistic  mokes  efficiency 
assessments  impossible  but  dependence  upon  tube  inclination  and  reservoir' 
pressure  has  been  established,’  " 1 

Control  moment  varies  foirly  regularly  with  nnglo  of  lnqlinntion  and 
reservoir  pressure  though  oven  more  oanrplex  in  detail  than  side  thrust.  * 
Variation  with  tube  length  dnd  type  is  both  complex  -and  irregular.  The 
maximum  moment  recorded  was  loss  than  8 lbs.  ft.  Most  of  the  results  were 
found  to  be  less  than  4 lbs.  ft.  In  rough  figtu*oa,  the  work  needed  to  turn 
the  mid-sized  tube  from  0 — 20°  at  000,  Ibs./sq.in.  reservoir  pressure  nos  • ’ 

1 ft.  lb. 

The  differences  duo  to  type  were  smaller  then  those  caused  by  other 
factors.  The  two  types  required  particularly  different  control  moment 
especially  at  the  upper  limits  cf  tho  factors.  In  gonorol,  type  "b* 
produced  the  greater  3ide  thrust  and  required  the  smaller  control  moment. 

The  inclination  of  tho  lino  of  thrust  was  found  to  vary  linearly  with 
tube  Inclination  and  air  pressure,  though  the  latter  variation  was  very  «iwm, 
Type  had  little  effect  on  this  but  tube  length  occurred  03  a quadratic  effect. 
Those  arc  convenient  results  from  tho  point  of  view  of  application.  Except 
when  short  tube  lengths  were  used,  the  resultant  line  of  thrust  was  turned 
through  a greater  angle  than  tho  tube  inclination.  Graphs  Pigs.  25  — 2 6 set 
out  these  results. 

Analysis  of  the  observations  result 3 in  optimum  tube  longths  which  may 
bo  chcsen  depending  upon  whether  it  is  required  to  produce  3idG 

thrust  for  u given  inclination  or  maximum  inclinotion  cf  the  line  of  thrust. 
These  optimum  lengths  are  of  the  order  of  three  timos  the  nozzle  throat 
diameter. 

The  optimum  tube  lengths  produce  a side  thrust  of  about  8 times  the 
average  value  produoed  by  r vane  set  at  the  same  angle.  The  corresponding 
control  moment  is  about  3 tines  that  required  for  a vane,  (see  ref.  l). 

The  shorter  tube  lengths  (which  may  in  practice  be  more  desirable) 
produce  about  5 times  the  side  thrust  of  a vane  ot  the  same  angular  setting 
and  require  a similar  control  moment. 

Provided  thot  ether  requirements  ore  met  (weight,  corrosion  resistance 
etc. the  tubular  extension  method  provides  o reliable  means  of  deflecting 
supersonic  jots  which,  on  the  laboratory  scale,  appears  to  be  nuoh  more 
efficient  than  any  other  method  sc  far  reported. 
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CALCULATION  CP  THE  i-*La7  CHAKACT&IISTICS  OP  NOZZLE  *b* 

11  * 1 r'  — * I — 

If  it  is  assumed  that  air  bchavos  as  a perfoot  gas,  t = 1 .4  and  that 

it  expands  ndiabetienlly,  the  conditions  of  flow  within  the  nozzle  can  be 
estimated. 

Per  an  ideal  nozzle  of  dinras  throat  discharging  air  to  atmosnhere, 
from  a reservoir  at  To  =*  300 °K  (an  average  value),  mass  flow  rate, 

m a ,00449  Po  lbs./sec. 

Throat  Velocity  (acnio),  U-^  =»  1,040  ft. /sec. 

For  nozzle  type  'V, 

* 2.81 

Uq  = 2,000  ft. /sec. 

Thrust, 

m Ue 

Pjj  = 

8 

=■  .279  Po  • 

H.P.  » .56fc  P0  • 

Design  pressure  = 400  lb3./ins.^ 


The  data  for  nozzle  type  *af  arc  similar  but  it  is  necessary  to 
make  assumptions  about  the  point  of  detachment  before  they  can  be 
calculated. 
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AH-'ENDIX  n 

CALCULATION  OF  FIDUCIAL  LIMITS 

Suppose  nozzle  typo  'o'  bag  been  ohoson  to  operate  at  a reservoir 
pressure,  p0  of  1,000  lbs. /ins.  and  it  is  required  to  determine  the 
maxinnsn  side  thrust  which  may  be  obtained  at  a 20°  dofleation  angle.  On 
page  it  is-  shown  that  the  optimum  extension  length  for  these  conditions 
is  1.48".  Stan  table  11,  the  moan  effeots  for  p0  a 1,000  Ibs./ins.?  oan 
be  evaluated  and  the  regression  equation  expressing  pa  in  terms  of  s,  0 , 
and  t may  then  bo  built  up. 

Thus, 

p3  = (2)  + (s^  §j  fs)  ♦ fs2)  ^ (b)  ♦(e1)cj(e) 

* CSi  e i ) ^ (0  ) (s)  + etc. 

where  the  polynomials  in  s,  0 and  t ore  given  by, 
e’  fa)  = 1/5  (8s-10)  ^ (s)  = 1/25  (I92e2  -480s  + 250) 

B2 

( 6 ) =2/5(0  - 12.5)  f 0 ) = f25  “ 0 + 5 > 

3 2 

£*  (0  ) = 10/3  ( - “fo*  + 3.340  - 10.5) 

ej  ft)  ■ 2 (t  - £) 

(see  Fisher  and  Yates'  ’Statistical  Tables') 

In  the  example, 

ps  s»  157.3  + 22.6  x ,36  + 6.84  x 1.6  + 26.5  x 3.0 

+ 1.0  x ,36  x 3.0  + etc. 

= 260.76  lbs./in3.2 

From  the  calibration  equation  of  page  1 0 , 

Fa  = .525  x 260.76  - 5.77  = 

The  fiducial  limits  ore  given  by, 

V(Ps)  = V(2)  + •362y(S1)  + 

» ( JL  ♦ »362  4,.  1 1.6?.  + etc. 

C d2  d*M  dS2 

f 

» .3980  x 5.68  = 2,26 

therefore,  V^p  j =»  .525^  x 2.26  ~ .622  = .7882* 

Thus,  the  standard  error  of  Fs  **  t #788  =*  J .8 

= 131.2  t *8  024  a/f)  lbs.  force. 


+ etc, 

| * 4, 


and  the  required  result  is  Fg 
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APPENDIX  m 


THE  VARIANCE  OF  THE  RESULTANT  THRUST,  Fr  . 


p|  ond  if  Pjj  nnd  Fg  ore  Independent  quantities. 


v2 


New,  from  tablo  13, 

V^p  j a 41.0  nnd  =»  1.57 

Taking  moon  values  for  Fa  ond  F^  ot  voriouB  pressure  levels, 

<§  p0  = 1,000  lbs./sq.in.,  V(pR)  = 37.6 

. Fr  = 269.5  + 6.13,  v = 2.28?. 

@ Po  =>  400  lbs./sq.in.  VCPR)  a 38.5 

* Fr  = 115.4  + 6.2*  v = 5.4? 

THE  ViiRIAHCE  OF  THE  RESULTANT  DEFLECTION.  0 
0 a Tan  -1  Ps/fd  nnd  if  F^  and  Fs  ore  independent  quantities, 

V(0)  " ^ V(P3)  + ^ VfpD) 

Taking  mean  values  ond  the  known  variances  as  before. 

@ p0  = 1,000  lbs./sq.in.,  V(0)  = .CCC068 

• 0 .=  17.0°  + .00824,  v • ,0485?? 

• • 

@ p0  = 400  lbs./sq.in.,  V(0)  = .000309 

• 0 = 14.5°  i .0176,  v a 0.11955. 

m m 
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